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The degradation mechanisms of Schottky p-GaN gate AlIGaN/GaN HEMTs under high-temperature reverse bias
(HTRB) stress were investigated and the evolution of the deep traps was identified using deep-level transient spectroscopy.
The saturation current of p-GaN gate AlIGaN/GaN HEMTs decreased by 18.2% and the threshold voltage shifted positively
by 11.6% after the degradation. An electron trap (at 369 K) and a hole trap (at 95 K) were observed in the AIGaN/GaN
region, while another hole trap (at 359 K) was found in the p-GaN layer before the stress. Meanwhile, after the stress,
the concentration and capture cross section of the hole traps increased in both the p-GaN layer and the Al1GaN/GaN re-
gion. With regard to the electron trap in the AlIGaN/GaN region, the capture cross section increased significantly but the
electron trap concentration slightly decreased, which may increase the electron trapping, thereby reducing electrons in the
two-dimensional electron gas. These factors result in a positive shift in the threshold voltage and a decrease in the output
current. This work provides a new insight into understanding the threshold voltage instability of Schottky p-GaN gate

AlGaN/GaN HEMTs.
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1. Introduction

GaN-based high electron mobility transistors (HEMTs)
exhibit outstanding characteristics, including high electron
mobility, high breakdown electric fields, and high satura-
tion velocity, making them highly promising candidates for
high-power and high-frequency applications.!!! To realize
normally-off GaN-based HEMTs for security operations, dif-
ferent methods such as the Cascode configuration, ! recessed
Schottky gate,!” fluoride ion treatment®! and p-GaN gate!®!
have been developed. Meanwhile, due to the good thermal
stability, high switching speed, and relatively lower cost, p-
GaN gate technology has been widely used in commercial
normally-off GaN-based HEMTs.!!%!!] However, reliability
issues of p-GaN gate AlIGaN/GaN HEMTs have hindered their
further development,!!>13] such as the threshold voltage (V1)
instability, which causes the false turn-on of the circuit or gate
breakdown, [1413]

Accelerated stress tests have been used to investigate
the reliability of p-GaN gate AlGaN/GaN HEMTs, among
which high-temperature reverse bias stress is often employed
to study the degradation behavior and failure mechanisms of
AlGaN/GaN HEMTs. 91 It has been reported that the positive
shift of the threshold voltage under the HTRB stress may be
caused by the hole emission in the p-GaN layer.!'”! In addition,
the positive shift of the threshold voltage under the negative
gate voltage stress can be attributed to the electron trapping in
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the AlGaN barrier or GaN buffer layers.[!%!9] However, there
are limited experimental reports regarding the defects in both
the p-GaN layer and the AIGaN/GaN region of p-GaN gate
AlGaN/GaN HEMTs.

In this work, we studied the degradation mechanisms of
p-GaN gate AIGaN/GaN HEMTs under high-temperature re-
verse bias stress. To understand the degradation process of
the p-GaN gate AlGaN/GaN HEMTs, we started with a low
voltage of 100 V and then stepped up to 500 V at a high tem-
perature of 200 °C. The results show that the saturation cur-
rent decreased and the threshold voltage shifted positively af-
ter the stress. The concentration of the electron trap in the
AlGaN/GaN region decreased slightly after the stress, while
the capture cross section increased significantly. In addition,
the concentration of the hole trap increased in both the p-GaN
layer and the AlGaN/GaN region after the degradation. The
electron trapping and the increased hole traps concentration
were responsible for the positive Vyy shift. This work can
provide a guide to understand the underlying defects in GaN-
based HEMTs to address the threshold voltage instability.

2. Experimental details

In this work, the selected five devices under test (DUTSs)
are commercial AIGaN/GaN HEMTs with a Schottky p-GaN
gate (GS66504B), which were obtained from the same produc-
tion batch and exhibited identical electrical characteristics and
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DLTS signals, indicating a very good consistency, as shown
in Fig. S1. The HTRB stress was applied using Keithley
equipments 2636B and 2657A. During the HTRB step stress,
the gate—source voltage was maintained at —5 V to turn off
the p-GaN gate AlIGaN/GaN HEMTs, while the drain—source
voltage was stepped from 100 V to 500 V (100 V, 200 V,
300V, 400 V, 500 V), applying 9 hours at each voltage stress,
to accelerate the degradation of the p-GaN gate AlGaN/GaN
HEMTs and study their degradation process. The case tem-
perature of the p-GaN gate AlGaN/GaN HEMTs was set at
200 °C during the HTRB stress.

The output and transfer characteristics were measured us-
ing a Keithley 2636B system SourceMeter instrument during
the HTRB stress. Deep-level transient spectroscopy (DLTS)
was measured in the temperature range from 25 K to 500 K us-
ing a Janis closed-loop helium cooling chamber and a PhyTech
FT1230 HR-DLTS test system. Capacitance—voltage (C-V)
curves were measured at 50 mV and 1 MHz. The thermal
resistance of the p-GaN gate AlGaN/GaN HEMTs was mea-
sured using a T3Ster tester. Since the heating current should
be high enough to enhance the signal-to-noise ratio of the mea-
surement, we measured the thermal resistance using a heating
current of 6 A. A focused ion beam (FIB Crossbeam 550) was
employed to prepare cross-sectional transmission electron mi-
croscope (TEM) samples. Then, scanning transmission elec-
tron microscopy (Hitachi H7650) was used to compare the mi-
crostructural changes beneath the gate of the p-GaN gate Al-
GaN/GaN HEMTs before and after the stress.

3. Results and discussion

Figure 1(a) shows the typical output characteristics of the
p-GaN gate AlIGaN/GaN HEMTs at room temperature during
the HTRB stress. The saturation current decreased by 18.2%
from 0.99 A to 0.81 A after the degradation. Figure 1(b)
shows the typical transfer characteristics of the p-GaN gate Al-
GaN/GaN HEMTs measured at room temperature during the
HTRB stress. The transfer curve shifted to the right with the
increasing stress time, and the threshold voltage increased by
0.17 V from 1.47 V to 1.64 V during the HTRB stress, as
shown in the inset of Fig. 1(b).

Figure 2(a) shows that the K factors of the p-GaN gate Al-
GaN/GaN HEMTs increased by 0.05 mV/°C from 0.39 mV/°C
to 0.44 mV/°C after the stress. As shown in Fig. 2(b), the ther-
mal resistance of the chip layer increased by 0.30 K/W from
0.24 K/W to 0.54 K/W, whereas that of the die attach layer ex-
hibited an increase of 0.73 K/W from 0.75 K/W to 1.48 K/W.
The increased thermal resistance leads to an increase in the
heat accumulation, which may reduce the electron mobility,
resulting in a decrease in the on-state current and an increase
in the on resistance.?’!

To identify potential deep levels of the p-GaN gate Al-
GaN/GaN HEMTs, the DLTS spectra were measured before

and after the HTRB stress. Figure 3(a) shows a positive peak
labeled E| and a negative peak labeled H; detected in the fresh
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Fig. 1. (a) Output characteristics of the p-GaN gate AlIGaN/GaN HEMTs
during the HTRB stress. (b) Transfer characteristics of the p-GaN gate Al-
GaN/GaN HEMTs during the HTRB stress; the inset shows the threshold
voltage of the p-GaN gate AlIGaN/GaN HEMTs during the HTRB stress.
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Fig. 2. (a) The K factors for the p-GaN gate AlGaN/GaN HEMTs be-
fore and after the HTRB stress. (b) Differential structure functions of
the p-GaN gate AlIGaN/GaN HEMTs before and after the degradation.
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p-GaN gate AIGaN/GaN HEMTs using a bias voltage of V; =
1.2 V and a filling pulse voltage of Vp = 2.5 V, corresponding
to the AlGaN/GaN region (Fig. S2). The temperature of the
positive peak increased from 369 K to 406 K with a decrease
in the peak intensity after the stress. Meanwhile, the temper-
ature of the negative peak increased from 95 K to 104 K after
the HTRB stress. In our PhyTech test system, the positive peak
in the DLTS spectra is associated with majority carriers, while
the negative peak corresponds to minority carriers.”?! In the
AlGaN/GaN region of the p-GaN gate AIGaN/GaN HEMTs,
electrons are the majority carriers and holes are the minor-
ity carriers.!?>%31 For the p-GaN layer of the p-GaN gate Al-
GaN/GaN HEMTs, holes serve as the majority carriers and
electrons are the minority carriers.
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Fig. 3. (a) The DLTS spectra of the fresh and stressed p-GaN gate Al-
GaN/GaN HEMTs (Vi = 1.2V, Vp = 2.5 V). (b) Arrhenius plot of the
energy levels (electron traps E; and E3, and hole traps H; and H;) de-
tected in DLTS.

Figure 3(b) shows the Arrhenius plots of these traps in
the AlGaN/GaN region, with the calculated activation energy
(E,), trap concentration (Nt), and capture cross section (o) of
the DUT shown in Table 1. The activation energies of the elec-
tron traps E; and E, are 0.77 £0.02 eV and 1.64 £0.02 eV,
respectively, with the corresponding trap concentrations of
2.01x10" cm™3 and 1.15x10'3 cm ™3, and the capture cross
sections of 1.72 x 10714 ¢cm? and 7.79 x 107> cm?, respec-
tively. Moreover, the activation energies of the hole traps
H; and H; are 0.141+0.01 eV and 0.21 £ 0.01 eV, respec-
tively, with the corresponding hole trap concentrations of

1.52x 102 ¢cm™3 and 2.22 x 10'2 cm—3, and the capture cross
sections of 9.53 x 1077 cm? and 7.60 x 10~ c¢m?, respec-
tively.

Table 1. The E,, Nt, and o represent the activation energy, trap concen-
tration, and capture cross section of the traps, respectively, in the fresh
and stressed p-GaN gate AlIGaN/GaN HEMTs.

DUTs Trap E, (eV) Nr (cm™3) o (cm?)
E; 0.774+0.02  2.01x10" 1.72x 10714

Fresh 1 17
H, 0.1440.01 1.52x 10 9.53% 10
E> 1.64 £0.02 1.15 x 1013 7.79 x 1073

Stressed 12 14
H, 0.21+0.01 2.22x%10 7.60 x 10

Figure 4(a) shows a positive peak labeled as H3 at 359 K
before the stress using a bias voltage of Viy =3 V and a fill-
ing pulse voltage of Vp = 5 V, corresponding to the p-GaN
layer. Meanwhile, after the stress, the positive peak shifted to a
higher temperature of 368 K and increased. Figure 4(b) shows
the Arrhenius plot of the hole traps in the p-GaN layer. The ac-
tivation energy of the hole trap increased from 0.10+0.01 eV
t0 0.1240.01 eV after the HTRB stress. In addition, the con-
centration of the hole trap increased from 4.09 x 10'® cm—3
t0 5.80 x 10'8 cm~3, while the capture cross section increased
from 2.40 x 1072% cm? to0 3.91 x 10723 cm?.
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Fig. 4. (a) The DLTS spectra of the fresh and stressed p-GaN gate
AlGaN/GaN HEMTs (V\,y =3 V, Vp =5 V). (b) Arrhenius plot of the
energy level hole trap Hz detected in DLTS.

To distinguish whether the defect originated from the
point defects or extended defects, the carrier trapping kinet-
ics were also investigated. Figures 5(a) and 5(b) show the
effects of filling pulse duration on the electron trap and hole
trap in the AlGaN/GaN region at the peak temperature, re-
spectively. The peak signals of the electron trap and hole trap
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change linearly with the logarithm of the fill pulse width z,.
The logarithmic dependence of the DLTS peak intensity on
the filling width #, is typically observed in the traps associated
with dislocations.?*-2%! Figure 5(c) shows the effect of the fill-
ing pulse duration on hole traps in the p-GaN layer at the peak
temperature. Before the stress, with the increasing filling pulse
width, the traps represented by the DLTS signal are gradually
filled, reaching a fully filled state after 1074 s, indicating that
the defects are related to the point defects. This is because,
with the pulse width increasing, point defects are gradually
filled, and subsequently the DLTS signal no longer increases
once the trap is completely filled.!?”! After the stress, the cap-

ture time constants of the defects may be relatively short, >8]

leading to the traps being completely filled when the filling
pulse duration reaches 107° s, which needs further clarifica-
tion.

Figures 6(a) and 6(b) show the SEM cross-sectional im-
ages of the p-GaN gate AlIGaN/GaN HEMTs prepared using a
focused ion beam (FIB). STEM images of the region beneath
the gate of the fresh and stressed p-GaN gate AIGaN/GaN
HEMTs are shown in Figs. 6(c) and 6(d). It can be seen that
after the HTRB stress, the dislocations increased in both the
p-GaN layer and the AIGaN/GaN regions.
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Fig. 5. The relationship between DLTS signal intensity and filling pulse width before and after the stress for (a) electron traps in the AlIGaN/GaN
region, (b) hole traps in the A1GaN/GaN region and (c) hole traps in the p-GaN layer of the p-GaN gate AlIGaN/GaN HEMTs.
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Fig. 6. (a) An SEM cross-sectional image of the fresh p-GaN gate AlGaN/GaN HEMT. (b) A zoomed SEM cross sectional image of the
gate-to-source region of the fresh p-GaN gate AlGaN/GaN HEMT. (c) An STEM image of the region beneath the gate before the stress. (d) An

STEM image of the region beneath the gate after the stress.

Under the HTRB stress (Vps = 100V, 200 V, 300 V, 400,
500 V, case temperature at 200 °C), a large electrical and ther-
mal field was concentrated in the region beneath the gate,!?%-30]
increasing the traps in the p-GaN gate AlGaN/GaN HEMTs.
The concentration of the electron trap in the AlGaN/GaN re-
gion shows a slight decrease after the stress, while the capture
cross section of the electron trap increases by eight orders of

magnitude, indicating increased electron trapping. The con-
centration and capture cross section of the hole traps in both
the AIGaN/GaN region and the p-GaN layer increase. Partic-
ularly, the concentration of the hole trap in the p-GaN layer
is much higher than that of the hole trap in the AlIGaN/GaN
region. The traps in the Al1GaN/GaN region seem to be associ-
ated with the dislocations, while the trap in the p-GaN layer
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is related to the point defects. The increased hole traps in
the p-GaN layer would emit more holes by applying the high
drain bias.['8] These factors reduce the electrons in the two-
dimensional electron gas channel, resulting in the positive Vg
shift and the decrease in the saturation current after the stress.

Moreover, the increased concentration of the traps en-
hances phonon scattering,*!3?] which reduces the phonon
mean free path, thereby decreasing the phonon relaxation

33341 and consequently de-

time and propagation velocity,!
creasing the thermal conductivity and increasing the ther-
mal resistance.'?>! The increase in thermal resistance will de-
teriorate the heat dissipation capability of the p-GaN gate
AlGaN/GaN HEMTs, which reduces the electron mobility,
thereby decreasing the saturation output current.[**=38! Con-
sidering the defect changes in the p-GaN/AlGaN/GaN region
after the stress, the estimated thermal resistance only increased
by ~ 30%.39-#11 Besides the p-GaN/AlGaN/GaN region, the
traps in the AlGaN back barrier layer, AIN layer, and Si sub-
strate may also increase after the stress and result in the ther-
mal resistance increase in the chip, which still needs further
study.

4. Conclusion

In this work, the degradation mechanisms of Schottky
p-GaN gate AlIGaN/GaN HEMTs were systematically inves-
tigated under high-temperature reverse bias stress. The sat-
uration current of the p-GaN gate AlGaN/GaN HEMTs de-
creased by 18.2% and the threshold voltage shifted positively
by 0.17 V after the degradation.
concentration in the p-GaN layer and the electron trapping

The increased hole trap

in the AlGaN/GaN region reduce the electrons in the two-
dimensional electron gas, resulting in the positive shift in the
Vg and the decrease in the saturation current. Moreover, the
thermal resistance of both the chip and die attach increased af-
ter the HTRB stress. Our work reveals the degradation mech-
anisms of Schottky p-GaN gate AlGaN/GaN HEMTSs under
HTRB stress, and is helpful for improving the reliability of
p-GaN gate AlIGaN/GaN HEMTs.
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